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ABSTRACT 


This thesis utilizes historical wearmetail data from «he Ft. 
Ord Speéectrcemetric Oil Analysis laboratory to propese 
wearmetal level and trend guidelines for equipment powered 
by the Centinental LD/YLDS/LDT 4€5/465-1 engines. The method- 
Ology propesed for determining trend guidelines requires 
Meta giving =€ne parts-per-million (PP) level of a given 


wearmetal ata known tim] since oil change. 
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I. INTRODUCTION 
During the operaticn f any piece of mechanical egquip- 
ment, a certain amount of abrasion occurs between metal 
Bemes CcCMing in contact with one another. The result of 
this abrasion is the deposition of minute quantities of 


metal {wearmetals) in th lubricating oil of the equipment. 


It was recognized by the railroais as far back as «he 
1940's that monitoring the concentration cf wearmetals in 
fae lubricating 011 could b2 useful in determining the 
mechanical condition of diesel engines and for¢ewarn the 


bkreakdcwn of Engine ccmponents. 


Later in the mid 1950's, the Navy began a trial noni- 
@MOEing p~rcgqram at the Naval Air Rework Facility in Pensaccla 
to determine if oil analysis ‘techniques could be useful for 
detecting *he abnormal operation Gf alibpcrert.. engines. 
Following the success or the Navy erfort, the Army first 
meted the technigues to the monitoring of reciprocating 
engine heiicecpters in 1959. An evaluation of oil analysis 
programs was initiated by the Air Force in 1962 and resulted 
gn the establishment of an Aar Force oil analysis testing 


program in 1964. 


tt, 


Consclidation of Department oo Defense oil analysis 


programs was initiated in 1969 with the DOD Equipment Oi1 


Analysis Fregram (ECAP) and later tae Joint O11 Analysis 
Program (JOAF). The purposes of this corsolidation were to 
Bee-Ge Ublfcrmity and standardization in oil analysis 


program equipment, standards and «ecnniques, consolidation 
cf precurement requirements for oli analysis equipment and 
Siew cen-ctalizaticn ¢f respensibility for technical mnanage-~- 
ment and cverail prodram surveillance. 





The kasic assumptions of the spectrometric analysis of 
wearmetals is that during the normai operation of a riece of 
equipment, the interacting of parts results in the produc- 
Peon Of minute quantities of metals. This wearmetal 
Pecuuctichn CcCurs a= a censtart rate {as a function cf *ime) 
for properly operating pieces of equipment. However, asa 
part enters into its failure mode, a much higher level of 
wearmetal particles may be deposited into +the lubricating 
eal . Spee istsarsteneor thas precess fcr a hypethetical 


piece of ¢quipment is shown in Figure 1.1. 
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Figure 1.1 Hypothetical Wearmetal Production. 


mente abe LiMitectens tc the types of failure which can 
be identified through spectrometric analysis. The types cf 
failure which can be detected are failures which are accon- 
panied by weaxrméetal production and which occur at a slow 
6nough rate to allow maintenance action after identification 
of a possible failure. Some of tne types of unidentifiable 


Gaalure are: 


1) failures which produce large wearmetal particles visi- 


bie tc the naked eye 





Pieeecaisdres which €ccur too rapidly to be detected bv th 


a 


current oil analysis procedures 
Bye faalures which ceeur without appreciable production of 


wearmetals 


To identify impending failur2 conditions, wearmetal 
levels in an oil sample from the 2gquipment studied are 
determined through spectrometric analysis. Next, the lakora- 
tory personnel calculate a 10 hour PPM increase figure by 
finding the change in PPM between samples, d2avading =hat 
figure ky the hours between samples (giving @ trate 
increasé per hour) and multiplying by 10 (giving the rats 
increas? for 10 hours). A guideline chart giving wearmet 
PPM criteria for normal, marginal, high and abnormal ranges 
and fer abnermal 10 heur trends is consulted for the appli- 
cable type of equipment. These guidelines are not 
recommended wearmetal values, but indicate ranges of values 
within which the FFM levels of sinmila=t equipment have 
Mesectically fallen. 


A determination is madé as tO whether the amount of 
wearmetais in the sample is considered in the normal, 
marginal, high, or abnormal range and whether the PPM 
gmcreass in the 10 hcur period is abnormal. Based on the 


oO 
ty 


() 


Tange of the sampie, the rangs th2 previous sample, th 
trend cxceading and whether the oil sample was &@ routine 
submissicn cr the result of a laboratory request, a recon- 
Mendaticn is mad@ utilizing *he Decision Making Guidance 
Weeone (Table 6-1) of TH 38-301. Basically the table cails 
for incréased sampling if there is an indication of abnormal 
Operations. Continued abnormal readings result in the dead- 
ena ng cf the equipment and a recommendation hat 
Maintenance action be initiated to datexzmine the cause of 
the high level of wearmetals. In some cases a combination 
or abnermal wearmetal readings can be used to pinpcint the 


‘ 





specific area of the equipment which is probably in che 


process cf failing. 


Tne Maintenance personnel must then provide followup to 
the oil analysis laboratory stating whether their indication 
of impending failure was correct (known as a 'hit')} ene 


incorrect (known as a 'miss'"). 


Thus, through the combined efforts o£ the oil analysis 
laboratory and the maintenance personnel, many impending 
failures can be detected and corrected, preventing further 
damage (cr perhaps destruction) of the equipment and sericus 


tage y cO the personnel operating it. 
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Extensicn of the oil analysis program to Army non- 
asronautical equipment is fairly recent, therefore there are 
a number of engines in the Army inventory which are still 
lacking wéearmetal and trend guidelines. The DARCOM Materiel 
Readiness Support Activity at Lexington, Ky. provided a list 
of engines, used in Army ground equipment, which were 
lacking publisked guidelines. Of the engines listed, the 
one which was nost widely used (in t3zrms of types of 2quip- 
menz of different nomenclature) was the Continental 
ED/LUS/SLIT 465/465-1 (henceforth referred to as the 
LDS-465). This is a six cylinder diesel engine which pcwers 
Mera rEogs number of the Army's 2 1/2 Ton and 5 Ton trucks. A 
list of the types of vehicles powered by the engine is at 


Appendix A. 


The goal of the analysis was to 23xamine historical data 
(from DD Ferm 2027- Cil Analysis Record) ona large sample 
of different vehicles operated in different parts of the 


country, which were equipped with the LDS-465 engine. engl) 


= 


this analysis it was hoped to deérivée guidelines for what 
could be ccnsidered normal, Marginal, high and abnormal 
concentraticns of wearmetals in the lubricating oil. These 
guidelines were to be general (i.¢. applicable to all types 
cf equipment using the subject engines) in keeping with the 
format of the guidelines published in TM 38-301 and ITM 
38-301-1. In addition, it was desired to determine the 
relationshir between cperating hours of the piece of equip- 
mént and the rate of wearmetal production. This infcrmation 
was to Fe used to develop guidelines on what was to be 
considered an abnormal increase in wearmetal PPM overa 10 
mege Gréelating pericd. 
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Dwemecetit@ GCCnhstleanes In COnducting the analysis, Azny 
wide data could not ke obtained. The scope of the analysis 
was therefcre limited to a Ssampie of data on Equipment 
s2rviced by Chowne. Ord Spectrometric Oil Analysis 
Labcratcry. This linitaticn on the scope cf the analysis 
also placed a limitation on the applicability of the results 
in that they are only representative of the equipment at Ft. 
Ord and are based on a relatively small sample, thus 2xten- 
Sion cf tke results to Army wide equipment shculd be 
avoided. The methcdology, however, may be useful in 
analyzing a much larger set of data in order to previda 


gQuidelines applicable to Army wide 2quipment. 


Vz 





IIL. ANALYSIS METHODOLOGY 


A. DATA COLLECTION 


Historical oil analysis records (DD Form 2027) ‘for the 
rericd January 1980 through January 1983 were examined for 
76 vehicles from Active Army units located at Ft. Ord. The 
Seeords studied were for 2 '/2 Ton Cargo trucks of the type 
MeoA2 or M35A2C. A list of serial numbers for the vehicles 


examined is at Appendix 8B. 


The M35A2 and M35A2C are tactical vehicles and as such, 
the guidance on routine sampling intervals is once every two 
months. Samples are taken whil2 the oil is warm either by 
mre uss cf a dip tube or by a drain outlet. Detazied 
descriptions of the sampling mathods are found in TM 38-301 
eeetTs 43-0211. 


Ar O11 Analysis Request (DD Form 2026) is filled cut 
G2Ving such information as equipment identification data, 
time cil sample taken and method used (drain or dip tube), 
hours sincs oll change, hours since overhaul, and any state- 
ments ancut unusual crperation of the equipment. The samvles 
@eeethec sent to the O11 Analysis Laboratory at Ft. Ord 
where a spectrometric analysis is performed to determine 


wearmetal levels in the sample. 


The analysis 1s accomplished by the use of the Baird 
Emissicn Spectrometer Model A/E35U-3. A small portion of 
the oil sample is placed in the spectrometer. A carbon disk 
electrcde retates thrcugh the sample, packing Upwa £21m of 
oil which is burned by an electric arc between a fixed e¢lec- 
meade and the rctating disk. The energy radiated by the 
burning cil is separated into its component wavelengths and 


13 





iD 


Leie 


the intensity measured. This is compared to the int 


Mm 


$ 


measured frcem calibration sampies to determine the parts pe: 


(O 


millicn (EEM) levels of the various wearmetals in th 
sample. There is a degree of variabdlility associated with 
the spectrometer reading. TM 38-301 states the spectrometer 
has a tolerance of +1.0 PPM; however it seems more likely 
the variability is a function of the magnitud= of the 


reading as suggested ry the spectrometer manufacturer. 


After spectrometric analysis, the following information 


Memcohnen entered into the DD Form 2027 (0:1 Analysis Record) 
1g 


th 


fer the sampled piece of equipment. 

1. Sample number (laboratory assigned) 

2. Data index ( data correction or maintenance teedback) 
3. Julian dat? sagmple analyzed 

YW. %Lakcratory respense time 

5. Last laboratory recommendation 

6. Hcurs since overhaul 

Ieee HCURS Since o1l1 changs 

8. Reason for the sample 


3. Wearmetal levels 


10. Post analysis data ( lab recommendations and mainte- 


nance follcwup) 


None cf the records studied indicated laboratory reccn- 
t 


Mendaticns for maintenance action and thus no reperts of 


maintenance followup existed. It was also found ‘that 
M@eeoromatecly 25% of the historical records lacked data for 
hours since 011 change and hours since overhaul. This 


precluded any systematic analysis of the entire sample of 
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wearméetal levels as a function of cperating hours. as a 
result, to datermine wearmetal guidelines, an analysis was 


Somauected which did net require operating hour information. 


The suggested oil sampling intervals were aisc not 
adhered tc in all casés. AS a result, the number of records 
available fcr each equipment during the time veriod studied, 


ranged frem 4H to 17 Samples. 


Bo DETERMINATION OF WBARMETAL LEVEL GUIDELINES 


Faced with these constraints, tne methcd of analysis 
chosen was to look at all of the PPM levels availabie for 
fae 76 vehicles, plot a reguency distribution and examine 


meee guantiles from the empirical distribution. 


iene dinector Of the Ft. Ord Oil Laboratory fprovided 
Guidance on the major wearmetals of concern for the LDS-465 


engine. They were: 
i Ircn (Fe) 
Se Aluginum (Al) 
eee Chrcnmium (Cr) 
tee CONpar (Cu) 
Se Lead {Pb} 


Thus the scope of the study was iinited to these five 
wearmetals. The wearmetal data was read by the FORTRAN 
program WEARMTL (see Appendix F for computer progran list- 
ings) which produced an output frequency histogram for ¢ach 
wearmetal alcag with a number of sample statistics. In all, 


atotal cf 1255 sample points were available. MHe 60ta, 
tome, SOOth, 90th, 95th, 96th, 97th, 98th, and 99th quantiles 
wers determined from the daca. No decisions were made on 
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what labels (i.e. nermal, marginal, high, or abnormal) to 
place on these quantiles, but rather to provide this intor- 
maticn tc the Oil Analysis Laboratory director for use in 
his own subjective judgement. The quantiles found are 
listed in Table I. Output histograms are at Appendix C. 


” 
| 
= 


TABLE I 
Selected Wearmetal Quantiles 


vant le 
Wearmetal 60th 7VOth 8Oth 9O«AhH 95th YJoth 97th 98th 99th 
iron 94 we e bee 14S tig5 «6180-4. 200 215 238 
Alugizrun 20 25 30 38 U6 G7 50 53 57 
Chroniun 9 10 2 15 18 18 19 21 24 
Saree 16 19 24 a1 38 4 46 51 a 
Lea 39 48 61 76 91 95 104 116 137 


in: ce, ge ee ee, — a ee ee ee ee 


C. DETERMINATION OF 10 HOUR TREND GUIDELINES 


In addition to wearmetal levels, a major concern in the 
oil analysis program is wearmetai trends. Trend guidelines 
are established for a standard 10 hour period and give what 
is considered to be an abnormal increase in wearmetal levels 
Mee that period. In the study performed by the ARINC 
Meeeecraticn for the U. 5. Air Force (Ref. 1, pp 10-14] «he 
method of piecewise or segmented regression was used to 
@otetmine the point cf onset of failure. In this method, 
wearmetal concentration data ona number of similar pieces 
of egquirrent is divided into two groups, that data repre- 


Senting normal wear and that representing abnormal wear. 
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The hcurs associated with é¢ach sample are converted ‘fron 
Medes sinc= O11 Change tO “hours prior to detection of 
BawiLure . This indicates the necessity of maintenance feed- 
back tc determine or verify a point of failura detection. 
Straight lines are «hen fit through both sets of data using 
the procedure detailed by Hudson [Ref. 2}. THe point of 
intersection of tha two lines is taken to be the time prior 
to detecticn at which failure commenced (see Figure 3.1). 
The slope of the line fcellowing this point could then be 
used to calculate abnermal 10 hour trends. 




















i ee) ee 
| 
Abnormal | 
| 
| PEM BiraLlures | 
| | 
| B {Ncrmal) (ee commences | 
| Normal 
| | 
| Operating hours prior to datection 
_ i OR NT a 2ematan 
Paguce 3. 1 Fitting Data By Piecewise Regression. 


Sincs no maintenance feedback was available, a technigue 
was propesed which would indicate abnormally high metal 
trends withcut requiring maintenance information on actual 


maeeeurs conditions. This méethed assumes chat: 


1. Wearmetal levels may depend on operating hours of the 


equipment. 


meee AA:CiECSSably different relationship exists for the nor- 


mal and abrormal periods of operation. 
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3. The rate of wearmetal production is higher during 


failure than during normal operation. 


Instead of fitting piecewise regression linés to the 
data, the proposed methodology treats the slope of each line 
segment (whcse end pcints are formed by successive wearmetal 


readings) as an estimate cf the rate of wearmetal produc- 


OT) « An illustration of this tachnigue is given in Figure 
O22. Each dotted line segment provides an estimate of the 
—- eS a Te ea se 4] 
| 
Fu 
Regression ee 
ine ‘ 
<a SN 





rea 


nha 
eda 


me =e noe ee ee oe aE DD ee ee ee 6 ee ee es es eee ee 


Figure 3.2 Piecewise Estimation 10 Hour ¥YWearmetal Trends. 


the wearmstal production rate is 


rt 


Beeagngcticn rate. st 


Mmemeat, the relationship is of the forn: 


Y¥(i) = B(O) + B(1)*X(i) # Ei) 
Where: 
X(1) = hours since oil change for the ith sample 
¥(i) = wearmetal reading for the ith sample 
B(0) = intercept cf the regression line 
B(l) = slope of the regression line 
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E(i) = deviation of the actual wearmetal reading 


from the regression lines. 


The above definitions apply throughout the rest of the 


thesis. 


The slicpe of each successive line segment is found by the 


formula 
Sloe mammil (ent dr - 1 (2) ) /(X (2+ 1) —X (2) ) 


substituting the regression equations: 


slope E(0)+(B(1) *X (1+1)) +E (2+1) -B (0) - (B (1) *X (1) ) -E (2) 


¥ (241) =X (2) 


BCU + (eri) -E (2) ) 7 (x (21) -% (2) ) 


Since the regressicn slope 8(1) is constant for any given 
set cf data, each pairwise slope will d¢viate from the 


actual slope by a factor 
(ee ess (7 (x (22 1) =X (2) ) 


Thus, the ‘gceodness! of this métkod is determined by the 
magnitude cf the variance in the residuals and the length of 
time between wearmetal samcles. Samples with small varzi-~ 
ances in their error terms and large sampling intervals will 
approximate the regression slope much better than those with 


large variances and small sampling iatervals. 


The next step in the methodology is to convert seach of 
these slcres to a PPM increase for a 10 hour period. This 


is done ty multiplying the slope by 10: 


@nerscass in PPM = 10%*(B(1) + (( (CE (241) ~B(i)) 7 (X% (2 +1) ~X (2) )))) 


in 10 hours 


Thus each of the slope segments (regardless of the tine 


Interval between the samples ) is converted to a change in 
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PPM which weuld be expected during any 10 hour pericd within 
eas interval. The 10 hour PPM rate of change méaSurements 
are then grcup2d togéether in 4a frequency histogran. If the 
tate of wearmetal preduction is higher during failure than 
during necrmal operation, then the upper quantiles of the FPM 
rate cf change distribution shouid represent those samples 


from the failure mode of the equipment. 


This methcdology was applied to the Fort Ord data (for 
those data elements which had hours since oil change infcr- 
Maticn available) through the use of the FORTRAN prcgram 
ANALYSIS (Appendix fF). The logic used in cemputing ths 


slopes was: 


1. If no hours since o1l1 change data was available, the 
Sample was discarded. 

Poe 2: NOWUES Sincs cil charge was greater than the pre- 
vious reading, the slepe was detsrmined by: 

(ees Gia toa) } 7 (x (261) =X (2) ) 

Peele nOurs Since O11 Change was less than that of the 
previcus sample, it was assumed an oil change tock 
place ard thus the slcpe was calculated by: 

% (1) /X (2) 


Sinc®? approximately 254 cf the records lacked time Since 
cil change data, chiy 876 +t+rend values wer2 ccomputed. 
Histograms cf the trend frequencies are at Appendix D. The 
results cktained showed a large vériance in the PPM rate of 


change levels. This may have bes zn data 


W) 


a u or 
reporting since a large factor in the variance was the exis- 
tance of a few extremely large or small measurements. AS in 
the case or “the wéearmetal levels, selected quantiles were 


@eeained and are shown in Table II. 


PAY, 





= 
Il 


49 
@ 
- 
- 
rm) 
a 
wc 
pa | 
o 
Lo) 
=| 
@ VO anmnmnny 
Wa ct Pe © @ « »« 
E+ 4 Or-Orme 
fe P am o 
mt OY =| 
m CGC L<IrLUOM~—OCO 
<a oO DP Peeee se 
Ee tm Or DMONMNMNewW 
Or 
© 
= | 
POONA Y) 
mw DMeeeee 
VU (™“ONCN& Oost 
4) 
b 4 
@ PONS M st 
4 Mm @@ © @ e@ 
@ OO ere On 
WY) 
rt 
co E & 
YY oF | 
VW Abeer 
A ete 
Wea Mov | 
COD thH ag 
WLirdOG WD 
FEMHecOOr- | 


FLY 





IV. LLILUSTRATION OF TR 





The technique preposed for analyzing trends was not 
adequately illustrated by the actual data for the 76 vehi- 
cles in the sample due to the suspect validity of the hours 
Since oil change. To further illustrate the technique, a 
set cf data was generated which fit the assumptions sat 
Becth when propesing this technigus. These assumpticas 


wie & 


os) 
ro) 


PEM levels may te related to the operating hours 


Since cil change 


2. The wearmetal production process may p@ different fcr 


the ncrmal and abnormal nodes cf operation 


3. The rate of wearmetal production is higher during 


sai e chan Gguring normal operation 


Thus simulated wearmetal data was generated by assuming: 


Y (i) = B(O) + B(1)*X(i) +¢ E (2) 


Where the variables are defined as in chapter III. 


Since the proposed technique approximating the regression 
lines slope Ey the individual piecewise siopes was indeéepen- 
Ment Of the intercept <4rn 2 BQO }}ame le was only 
necessary te derive estimates for B(1) and the variance of 


the E€rrcer terms. 


To determine a representative value to use for B(1), 
tecords fcr the 76 trucks were examined to determine whether 
any Of the vehicles had wearmetel data for iron which exhib- 


Beeed the following characteristics: 


Za 





Woe Continuous, relatively uniform increases in hcurs 


Since cil change data 
2. NO apparent gaps in the data 


3. No abnormal dregs in FPM levels without an acccmpa- 


nying record of o1l1 change 


4. At least 8 data points fitting the above requirements 


A total of ten vehicles met the above criteria. The data 
from these vehicles was entered into the APL program REGRESS 
(Ref. 3], which fit a least squares linsar regression line 
to the data. A plot of the residuals was examined tc deter- 
Mine if tkere were any apparent violations of the assumption 
of normality. In addition, the R2 vaiues were examined to 
determine if <t+here was a strong relationship between the 
dependent (PPM levels) and independent (hours since cil 
changé) variables. Those samrerles which had R@ values cz .9 
Or greater and did not violate the subjective test for 
normality of residuals wer2 chosen. Aa tocd wor etour vehi- 
cles met these criteria. DiS ea Eon . b(t) values for these 


vehicles arz2z shown in Table III. 


i —— 
| 
| TABLE Iil | 
| Regression Line Slopes | 
| | 
| Vehicle number Bee 
3903458 - 3648 
38 18363 ee 2 at | 

| 3850984 eo | 
3903880 s29 016 | 
st, 
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This technique is not meant to represent a statistically 
valid method for determining the behavior of the wearmetal 
data. It is meant only to provide a general idea of tha 


Magnitude of the wearmetal production rates. 


The variance was assumed ~*0 be 14 for *he sake of 


eemolLicity. 


Thus tc generate the data, ali that was necessary was to 
determine the time at which the sample was to be taken, 
multiply it by «the slope (B(1)) and add on an error térn 
which was distributed N(0,1). For illustrative purposss, 
times were generated at exact “ten hour intervals (i.¢. 10, 
20, 30 etc. hours). The error terms were generated using 
the LIRANITCM II [Ref. 4] random number generating fackage. 
To simulate abnermal cperaticons, data was generated which 
had a sicpe +wice that of the normally operating ¢quipment. 
Error terms wer2 generated in the same manner as for ths 
HeeMally operating equipment. The data generated for «the 
four pieces of equipment were combined and a frequency 
distribution (histogram) was formed through use of the 
FORTRAN program ANALGEN (Appendix F). Pvc ee in dosed seterke ¥ 
‘normal’ data elements and fifty ‘abnormal! data elements 
were generated for ¢sach 9f the four values of B(1). The 


cutput frequency histcgram is at Appendix E. 


Upper quantiles of the distribution were determined as 
was dcne with the wearmetal levels. The quantiles found are 


fae tabis IV. 


A preotElem may arise any time data from different equip- 
msn* is grouped together. Unless the assumption that all 
equipment of the sare type operate in the same manner is 
true, cne could identify a measurement as abnormal in terms 


Gee de ENntite population when in fact it is within the 
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TABLE IV 
Selected Quantiles of 10 Hour Wearmetal Production 


QUANTILE 
MRAM ETAb OOtnh POth DOtTh 90th 95th 9eth 9/=h 96th I9th 
BEC GG Joe Zece GGuo. 97 6.18 6.83 9.46 10.74 10.81 


ls es ll i ce ee ce, 


| 
| 
4 
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normal operating range of the equipment from which the meas- 
urement was taken. To preclude this happening it would be 
preferable if guidelines could be generated for each equip- 
ment based cn the operating history of that equipment alone. 
An example cf the benefits of this nethod is shown using the 
gen2arated data from vehicle 3903458. 


Since the error terms generated were distributed Noraal 
fee), the distribution of «he PPM reading for ¢ach gener- 
ated samrle snould have been Normal (10*B(1),2). This 
follews since the generated intervals were 10 hours «hsre- 
fore each 10 hour PPM reading would be 10 times the siore of 
the regression line (which was constant) plus the difference 
in the pairwise consecutive error terms. Since the mean of 
the errcer terms was 0, che mean of the PPM readings would be 
0O+10*E2(1), while the variance would b2 the variance cf B(1), 
which was zero, plus the variance o£ the difference in the 
h 


om | 


it 


iD 


error terms which was 2. Thus it would ba expected that 


frequency distributicn for each generated sample would b 


wD 
m #6 


Semoineaticn of two normal distributions offset from eac 
other by 10 times the difference in their slopes (means). A 
histcgram of the data generated from the B(1) value for 
v2ahicle 2903458 (Appendix E) shows this to be the case by 


[mee aistinct bimodality of the distribution. 
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Thus if the assumrtions of the wearmetal behavicr during 
normal and abnormal crperations hold, and the difference in 
wearmetal production rates during normal and abnormal orpera- 
tions is large in ccmpariscn *o the variance in the sample 
ef normal readings, then it should be quite apparent when a 
reading falis out of the range of normal variability. 
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CONCIUSIONS AND RECOMMENDATIONS 

The determinaticn of quantiles from the empirical 
distributicns of wearmetal levels and of weaarmetal trends 
was done to provide the director of the | Sea Ord 
Spectremetric O11 Analysis laboratory with general guide- 
lines on what ranges cf values he couid expect for wearmetal 
levels and trends for the Continental LD/LDS/LDT 465/465-1 
based con historical data for e@quipmant supported by his 
mabdoratory. The presentation of results was dift¢rent than 
that in IM 38-301-1 in that no attampt was made to attach 
labels (1.8. normal, marginal etc.) tO these quantiles. 
This approach was taken tc provide more flexibility and 
information with which to make subjective judgements on the 
condition cf a piece of equipment since ultimately any 
recommendation made by an oil analysis laboratory is subjec- 
meve besed not cnly cn published guidelines for a type of 
equiprert, but also a knowledge of the operational history 


of the individual equipment in question. 


The fact that operational history is an important factor 
in the ztecommendations made oy the Lladoratory indicates «he 
GUTrEent practice of grouping all eégquioment of the same type 
together and applying general guidelines to the composit2 
Sample may not in fact be adequate for ail individual pieces 
See 2guipnent, being too conservative for e2quipment which 
normally preduce wearmetal ata relatively high rate or too 
liberal for equipment which produce wearmetal ata erela- 
eee y LGW rate. This probiem is illustrated in Figure 5.1. 
[een is figure, samples from two hypothetical pieces of 
equipment are shown. A regression analysis is perfermed on 


each sample individually giving regression lines 1and 2 
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Figure 5.1 


Regression of Combined Samples. 
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respectively. These lines are constructed to minimize ths 
sum cf the squared deviations of  3ach sample point from the 
line. Unless the two regression lines are collinear (an 
extremely unlikely Setue tion}, a regression analysis 
performed on the comkined data would result in a regression 
line {line 3) which, while being che best fit for the 
combined data, would have a larger residual sum cf squares 
than either of the individuai sample regressicn lines indi- 
Mmeang tte fit of the regression line for the combined data 
was not as gocd a fit as that of the individual samples. 
Additionally, the ccmubined regression line would overesti- 
mate the wearmetal production rate of eéngine 2 and 
underestimate the wearmetal production rate of engine 1. 
Thus a guidzline based on the compined samples might fail to 
identify an impending failure in engine 2 or errenéously 


signal an impending failure in ¢ngine 1. 


This same problem applies to the methcedolcqy proposed of 
estimating the regression line by the individual 10 hour 
trend readings. While 2ach 10 hour trend reading could be 
considered a fairly good estimate of the slope of the 
Megressicn line ror that individual piece of equipment, it 
would likely b2 a poor estimate of the slope of the regres- 
Beome line cEtained by combining tha data from all pieces of 
equipment of the same model. Again, the wearmetal preduc- 
tion characteristics of the individual equipment would be 
masked by the combined characteristics of the other pieces 


See QUicren. 


While develcping individual guidelines on each friece of 
equifrent is much more ccmplicated than setting general 
guidelines for all equipment of the same tyne, these indi- 
vidual guidelines weuld allow the laboratory director to 
make a much more accurat2 recommendation after analyzing an 


cil sameie. 


Zo 





Implementaticn of this methodology at the Jlakoratory 
level would require computational capability (i.é. a 
computer). Sines the distribution of the 10 hour PPM trends 
poe an individual Zec2 of equipment is expected to be 
normal, any desired quantiles of the distribution could be 
derived from the sample mean and standard deviation and the 
standard notmal tables. As additional data elements were 
add2d (as a result of additional samples) these statistics 
would provide an increasingly better estimation of the true 


wearmetal trend characteristics of the individual equipment. 


The gcecdness cf any predictive methodology is related to 
the guality of the dataon which the prediction is made. 
Thus to d¢rive the gaximum benefits from the oil analysi 

program, additional emphasis must be placed on the prorger 
collecting of oi1 samples and reporting cr equipment cpér- 
ating data. This will reguir2 not only increased command 
emphasis, but convincing maintenance personnel of the 
Pameriats of *h 


€ program in reduced maintenance expense, 
increased readiness and greater safety. 
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TYPE VEHICLES USING THE 


END ITEM 


M34A2 


M35A2 


M35A2C 


M36Az 


M45A2 


M46A2 


M49A2C 


M50A2 


MSOAS 


M5 1A2 


BocA2 


MS4UAZ 


MSGAZC 


BO 5A2 


M61AZ 


MO63A2 


fer 9A 31 


M185A3 


MZ4EA2 


APPENDIX A 
CONTINENTAL LD/LDS/LDT-465 ENGINE 


NOMENCLATURE 
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lW2ecen Cargo TEvex 


1/2 Bolsver,., 2=auek 


i = truck chassis 


1/2 Tank truck, fuel 


l72 ton Tar2% cEuck, A290 


Ve Hon Tank cruck, H20 


Tor Dump truck 


Mom TeeceOr truck 
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@euck  chaseis 
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Moe neOaLh eth uCK 
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OMe wale. schactOr, woecker 
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OUTEUT FOR TREND ANALYSIS 
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TABLE V 
Truncated Wearmetal Trend Values 
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APPENDIX & 
CUTFUT FOR TREND ANALYSIS USING SIMULATED DATA 


This appendix contains histograms of the wearmetai trend 
analysis for the simulated wearmetal data. The first histo- 
gram is for the combined data of four engines while the 


second is a histogram for an individual engine. 
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COMPUTER PROGRAAS 
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